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BiomineralisationLiver, spleen and heart tissues of DBA/2 Hfe knockout mice have been characterised by low temperature AC
magnetic susceptibility measurements together with Transmission Electron Microscopy (TEM) and Selected
Area Electron Diffraction in order to investigate the chemical iron speciation in a murine model of iron
overload diseases. With emphasis on ferritin-like species, the temperature dependent in-phase and out-of-
phase susceptibility proﬁles agree with the elemental analysis in that, in this model, iron accumulation takes
place in the hepatic tissue while in the spleen and heart tissues no differences have been observed between
knockout and wild type animals. The comparison of the magnetic properties between perfused and non-
perfused liver tissues has made it possible to estimate the magnetic contribution of usually present blood
remains. The TEM observations reveal that, besides the isolated ferritins and ferritin-containing lysosomes–
siderosomes present in the hepatocytes, other iron deposits, of heterogeneous size, morphology and
crystalline structure (haematite and/or goethite), are present in the cytoplasm, near the membrane, and in
extracellular spaces.© 2009 Elsevier B.V. All rights reserved.1. Introduction
Genetic haemochromatosis is an autosomal recessive disorder
characterised by excessive iron absorption from the duodenum and
iron release from the macrophages. In humans, gradual deposition of
iron occurs in the liver and in a number of other tissues including the
pancreas, joints, skin, heart and the gonadotrophin-secreting cells of
the anterior pituitary [1,2]. Disease manifestations include hepatic
ﬁbrosis, diabetesmellitus, arthropathy, pigmentation, cardiomyopathy
and hypogonadotrophic hypogonadism. Liver ﬁbrosis may progress
towards cirrhosis, a complication associated with a 200-fold increased
risk of hepatocellular carcinoma, the most common cause of death in
this condition. Most patients with genetic haemochromatosis are
homozygotes for a single point mutation, C282Y, in the HFE gene [3].
Population studies have shown that the prevalence of genetic
haemochromatosis is one in 300 homozygotes for the C282Ymutation
in populations of Northern European extraction.
In the last decades an intense effort has been made in the
investigation of the chemical speciation of the tissue iron deposits in
cases of iron overload by using Mössbauer spectroscopy [4–10],ll rights reserved.Transmission Electron Microscopy (TEM) [11–14], infrared spectro-
scopy [15] andmagnetic measurements [16–20], as the biomineralisa-
tion of iron in the tissuesmay be related to its toxicity. In particular, the
study of themagnetic properties of these tissues is of special interest to
improve non-invasive,magnetism-based, techniques for diagnosis and
follow-up treatment of iron overload diseases [21–26].
Murine models of iron overload, like Hfe knockout mice (Hfe−/−),
provide a useful alternative to humans for a better understanding of
the physiologic pathways involved in the disease process [27,28]. It
has been previously reported that, compared with other mouse
strains, DBA/2 mice are particularly susceptible to iron loading in
response to Hfe disruption [29]. As DBA/2 Hfe−/−mice constitutively
become iron overloaded, the model constructed with these animals is
expected to be a closer representation of the human disease, at least in
terms of genetic origin, than other models like the iron overload
induced by parenteral injection of iron dextran.
In this paper, the low temperature AC magnetic susceptibility data
of liver, spleen and heart tissues of DBA/2 Hfe knockout (KO) and wild
type (WT) mice will be presented with the aim of investigating the
tissue iron speciation in iron overload diseases. The magnetic results
together with elemental analyses and ultrastructural information of
the iron deposits, obtained from Transmission Electron Microscopy
and Selected Area Electron Diffraction (SAED), will be analysed.
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2.1. Animals
A total of 12 DBA/2 mice, 8 female and 4 male, have been used in
this study. Half of the animals were Hfe knockout and the rest were
wild type, in a way that each KO mice had a WT counterpart of the
same age and gender (see Table 1 for details).
All the experiments were performed in accordance with institu-
tional and governmental guidelines and the experimental protocols
were approved by the Midi-Pyrénées Animal Ethics Committee. WT
and KO mice were housed in the IFR30 animal facility (4–6 animals/
cage, 12:12 h light–dark cycle; 22±1 °C, 60±5% humidity). The
animals had free access to R03 diet (UAR, Epinay-sur-Orge, France)
containing 280 mg Fe/kg and distilled water.
2.2. Elemental analysis
The animal tissues were analysed by Inductively Coupled Plasma
Atomic Emission Spectrometry (ICP-AES) after microwave acid
digestion (solution 4:1 (v/v) of HNO3 (65%) and H2O2 (30%)). The
magnetically characterised freeze-dried samples (see description
below) were subsequently analysed for elemental content in order to
allowa quantitative interpretation of themagnetic data. The elemental
analysis was focused on the determination of Fe, but the presence of
other magnetogenic elements as Co, Ni, Mn and Cu, which may
contribute to the magnetic results, was also included in the analysis.
2.3. Transmission electron microscopy
Two different protocols were used for the ﬁxation of the tissues.
Half of the animals were sacriﬁced under pentobarbitone anaesthesia
and portions of the livers, spleens and hearts were prepared for TEM
observations immediately after tissue dissection. Fragments of the
different tissues were ﬁxed for 2 h at room temperature and overnight
at 4 °C in a solution of 2% paraformaldehyde (PAF) and 2%
glutaraldehyde (Gluta) in 0.1 M phosphate buffer (PB). The rest of
the animals were also sacriﬁced under pentobarbitone anaesthesia
although the ﬁxation of the tissues was performed by perfusion. The
same ﬁxative (2% PAF, 2% Gluta, 0.1 M PB) was injected directly in the
heart and pumped during 8 min at 20 ml/min. Then a different
solution containing 0.1 M phosphate buffer was pumped at the same
rate during 2 min. A part of the liver was then dissected and left in the
ﬁxative at 4 °C overnight.
All the tissues were then postﬁxed with 1% osmium tetroxide for
45 min at 4 °C. After four washes with buffer, samples were treatedTable 1
Height values of the out-of-phase susceptibility maximum (χ"(T)max) for the different tissue
age of the animals, elemental iron content and effective moment per iron ion (μeff).
Animal Organ Genotype Gender Age (weeks)
1 Liver WT M 9
2 Liver KO M 9
3 Liver WT F 9
4 Liver WT F 9
5 Liver KO F 9
6 Liver KO F 9
7 Liver WT M 14
8 Liver KO M 14
9 Liver WT F 14
10 Liver KO F 14
11 Liver WT F 14
12 Liver KO F 14
1+3+4 Spleen WT 2F+1M 9
2+5+6 Spleen KO 2F+1M 9
1+3+4 Heart WT 2F+1M 9
2+5+6 Heart KO 2F+1M 9
The χq(T) maximum and the iron content are expressed per mass of dry tissue.with 2% uranyl acetate, dehydrated in graded series of acetone (50, 70,
90, 100%) for 15 min each at 4 °C and embedded in Epon resin at room
temperature for 24 h. The polymerisation was done at 60 °C for 48 h.
Ultra-thin sections (40–60 nm) were collected on formvar-coated
grids and some of them were also lightly stained with 2% uranyl
acetate for 30–60 s or stained with saturated uranyl acetate and lead
citrate by standard procedures.
The TEM characterisationwas carried out in a Jeol 1010microscope
operated at 100 kV and in a Jeol 1200FX. X-ray microanalysis was also
performed with these equipments in order to determine the presence
of iron in the tissues.
2.4. AC susceptibility
Samples of the tissues for the magnetic characterisation were
prepared as follows. In the case of the non-perfused animals, the spleen,
heart and liver tissues were immediately frozen at −80 °C after
dissection. These tissues were freeze-dried during 48 h in a Heto
PowerDryPL3000equipmentand thenground topowder inorder tohave
a homogeneous sample. The ﬁxed liver samples of the perfused animals
were stored at 4 °C, freeze-dried during 24 h in the same equipment and
then ground to powder. The powder of each liver sample was placed in
individual gelatine capsules for the magnetic measurements.
Due to the small available amount of spleen and heart tissues,
pools of samples were prepared for themagnetic characterisation. The
spleen tissues of the KO mice (two female and one male) were joined
into a single gelatine capsule; doing the same thing with the WT
counterparts. The heart tissue samples were prepared following
identical procedure.
The magnetic characterisation has been carried out in a Quantum
DesignMPMS-5S SQUIDmagnetometerwith anAC susceptibility option.
The measurements were performed with an AC amplitude of 0.45 mT
and at a frequency of 1 Hz in the temperature range 1.8–300 K. The
presence of adsorbed oxygen in the samples, whichwould contribute to
the magnetic susceptibility [30], has been checked and avoided by
repeated runs above and below its boiling temperature in all the cases.
3. Results
3.1. Elemental analysis
The elemental iron content of each tissue is shown in Table 1. For
livers, it varies in a range between 1.729 and 3.903 mg Fe/g dry tissue
for KO mice and between 0.371 and 0.636 mg Fe/g dry tissue for the
WT ones. For spleen and heart tissues, there are no such big
differences in the iron content between the KO and WT tissue pools.samples, genotype (WT=wild type; KO=knockout), gender (M=male; F=female),
Perfusion χq(T)max (m3/kg) [Fe] (mg/g) μeff (μB)
No 1.9 U10−10 0.436 2.43
No 1.1 U10−9 2.579 2.69
No 3.1 U10−10 0.614 2.95
No 3.1 U10−10 0.636 2.92
No 3.1 U10−9 3.903 3.15
No 1.9 U10−9 2.537 3.46
Yes 2.4 U10−10 0.439 3.72
Yes 2.0 U10−9 1.729 3.23
Yes 4.0 U10−10 – –
Yes 2.8 U10−9 2.496 3.28
Yes 4.9 U10−10 0.371 3.61
Yes 3.0 U10−9 2.764 3.37
No 8.8 U10−10 1.996 2.18
No 7.5 U10−10 1.835 2.51
No – 0.450 3.17
No – 0.375 3.44
Fig. 1. Liver tissue TEM micrograph of a KO female mouse 9 weeks old. Electron dense
iron deposits (marked with arrows) can be observed in the cytoplasm of the
hepatocytes.
Table 2
Calculated d spacings (nm) from the SAED ring data for the different deposits observed
in the liver sections.
Six-line
Ferrihydrite
Liver iron deposits Haematite Goethite
Type 1 and 2 Type 3
0.41 0.418
0.360 0.368 0.338
0.260 0.270 0.269
0.258
0.254 0.253 0.25–0.24 0.252 0.249
0.245
0.223 0.224 0.22 0.210 0.221 0.219
0.197 0.197
0.183 0.184
0.172
0.172 0.170 0.170 0.171 0.169 0.169
0.156
0.151
0.151 0.147 0.147 0.147 0.149 0.147
0.147 0.145 0.145 0.145 0.145
Deposits type 1 and 2 correspond to isolated spherical particles and lysosomes–
siderosomes containing spherical electron-dense particles respectively, while type 3
correspond to the very electron-dense deposits shown in Fig. 2 (the two data columns
in this group correspond to two different occurrences of this type of deposits). For
comparison, the corresponding values for ferrihydrite (a=b=0.508 nm, c=0.94 nm),
haematite (a=b=0.503 nm, c=1.37 nm) and goethite (a=0.461, b=0.996 nm,
c=0.302 nm) [36] are indicated.
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always less than 0.003 wt.% of the freeze-dried tissues.
3.2. Ultrastructural observations
TEM observations of the KO liver tissues show hepatocytes with a
dense cytoplasm where the nucleus and all the organelles are well
preserved (Fig. 1). In these tissues, in lightly stained sections, several
types of electron-dense deposits, in which the presence of iron has
been conﬁrmed by X-ray microanalysis, are observed in the cytoplasm
of hepatocytes and Kupffer cells and also in intercellular spaces. It is
important to note that, in spite of the iron excess in the KO livers, the
physiological tissue structure seems not to be altered, as the reported
in other animal models of iron overload [18].
Observations at higher magniﬁcation (Fig. 2) allow to classify the
iron-containing deposits into three types: i) cores of ferritinmolecules
(1) dispersed in the cytoplasm of cells, sometimes localised near the
endoplasmic reticulum (ER), ii) cores of ferritin-haemosiderin
molecules (2) in lysosomes–sideromes of a size that ranges between
0.3 and 0.8 μm and iii) deposits of heterogeneous shape and size (3),Fig. 2. TEM micrograph at higher magniﬁcation of the same liver tissue shown in Fig. 1 corr
lysosomes–siderosomes containing spherical electron-dense particles (2) can be observed in
the extracellular space.observed mainly in the cytoplasm near the membrane and in the
extracellular space.
SelectedAreaElectronDiffraction (SAED)performedondeposits type
1 and 2 show a mineralisation similar to ferrihydrite (Table 2), the most
common mineral found in physiological ferritin cores [31,32]. A set of
rings, different from those of ferrihydrite and consistent with haematite
and/or goethite phases, appear in the diffraction pattern of type 3
deposits (Table2), althoughadeeper studyon their nature is still needed.
3.3. AC magnetic susceptibility
The temperature dependence of the AC susceptibility per mass of
sample of mice liver tissues is shown in Figs. 3 and 4. For the sake ofesponding to a KO female mouse. Isolated spherical particles typical of ferritin (1), and
the cytoplasm of the hepatocytes, while very electron-dense deposits (3) are visible in
Fig. 5. Temperature dependence of the in-phase susceptibilityχ'(T), at 1 Hz, per mass of
freeze-dried tissues of the spleen and heart tissue pools corresponding to mice of
different genotype.
Fig. 3. Temperature dependence of the in-phase susceptibilityχ'(T), at 1 Hz, per mass of
freeze-dried liver tissue corresponding to mice of different gender and genotype, some
of them subjected to perfusion. Filled symbols correspond to non-perfused animals and
empty symbols to the perfused ones.
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although data from all the characterised tissues have been listed in
Table 1.
A low temperature paramagnetic tail can be observed in the in-
phase susceptibility χ'(T) of all the liver samples. The in-phase
component of some of the samples also shows a maximum, or a small
shoulder, around 11 K that, together with the non-zero out-of-phase
susceptibility χq(T) at the same temperature range, provide evidence
for a magnetic relaxation phenomenon. The out-of-phase suscept-
ibility of all the liver tissues shows a single maximum around 8 K and
stays negligible, within the accuracy of the experiments, above
approximately 25 K reminding previous results obtained for rat liver
ferritin [18]. The value of the susceptibility per mass of sample of the
out-of-phase maxima of all the samples is shown in Table 1.
The spleen and heart pools of the KO andWTanimals present a low
temperature paramagnetic tail in the in-phase susceptibility in all the
cases (Fig. 5). The out-of-phase susceptibility of the corresponding
four samples is plotted in Fig 6. It can be observed that the heart
samples show a nearly negligible out-of-phase susceptibility in all the
temperature range, while a small and rather noisy maximum at lowFig. 4. Temperature dependence of the out-of-phase susceptibility χ"(T), at 1 Hz, per
mass of freeze-dried liver tissue corresponding to mice of different gender and
genotype, some of them subjected to perfusion. Filled symbols correspond to non-
perfused animals and open symbols to the perfused ones.temperatures can be observed for the spleen samples. For both tissues,
the susceptibility results do not show signiﬁcant differences between
the KO and the WT animals.
4. Discussion
From the data in Table 1, it can be observed that the KO animals
have, as expected, a greater concentration of iron in the liver tissue
than the WT ones. No signiﬁcant differences are observed between 9
and 14 week old animals, in agreement with unpublished observa-
tions indicating that the hepatic iron concentration in Hfe−/− mice
increases sharply after weaning but stabilises after few weeks.
Besides, the iron contents of the KO mice tissues obtained from the
elemental analysis are also similar to those previously determined by
biochemical methods in the same animal model of iron overload [29].
Although their protein shell is not visible in these TEM micro-
graphs, a large amount of ferritin cores can be observed in the
cytoplasm. The actual presence of the ferritin molecules is evidenced
from the shape (approximately spherical) and the size (not larger
than about 8 nm) of their electron-dense cores that, besides, in lightly
stained sections, appear mutually separated by the non-electron-Fig. 6. Temperature dependence of the out-of-phase susceptibility χ"(T), at 1 Hz, per
mass of freeze-dried tissues of the spleen and heart tissue pools corresponding to mice
of different genotype.
Fig. 8. Temperature dependence of the out-of-phase susceptibility χ"(T), at 1 Hz, per
mass of elemental iron for the liver tissues. Filled symbols correspond to non-perfused
animals and open symbols to the perfused ones.
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ER may indicate a profuse synthesis of this protein in the liver tissues.
The size and shape of the iron-containing particles inside the
lysosomes–siderosomes is similar to those of the ferritin cores.
However, the apparent mutual contact between them may indicate
that the protein shell has undergone a certain degradation, analo-
gously to what has been observed in the so-called secondary
lysosomes [33,13]. This type of deposit has been mentioned in the
degradation sequence of ferritin, in the lysosomes, to form haemo-
siderin [12,14]. In fact some authors have called them “prehaemosi-
derin”, indicating that the mineral cores would not be altered yet [5].
In addition, it has to be taken into account that when observing closed
packed ferritin particles in structures such as these lysosomes, mineral
particles may appear to be in contact even if the protein shell is intact.
However, independently of the term used to describe these clusters or
the state of the protein shell, it is clear that they contain a large part of
the total iron accumulated in the liver.
The intracellular and extracellular type 3 iron deposits observed in
the micrographs show neither morphological nor crystalline simila-
rities with the ferritin cores. Their location near themembranes and in
the extracellular spacemay indicate a process of iron removal from the
cell, possibly explaining why the tissues are relatively well preserved
in spite of the iron excess. In fact, the beneﬁcial role of biomineralisa-
tion processes in preventing iron toxicity has been pointed out in
relation to the formation of haemosiderin [34]. Goethite deposits in
tissues have previously been observed in conditions of iron overload
[6,7,34], while haematite, as far as we know, has only been mentioned
as a minor phase in physiological ferritin cores [32,35]. It is therefore
in this work, in our opinion, the ﬁrst time that the presence of
haematite-like deposits are detected in iron overload situations.
As previous studies have reported the transformation from
ferrihydrite either to haematite or to goethite, we can hypothesise
that our type 3 deposits may be originated from the ferritin
ferrihydrite cores. However, while it is known that haematite can be
formed from the dehydration of ferrihydrite, the formation of goethite
from ferrihydrite would imply its dissolution and further nucleation
[36].
As other authors have reported the transformation from ferrihy-
drite to other iron oxide structures by the effect of the electron beam
[37], we have done dedicated experiments to assure that the
crystalline structure of type 3 deposits is not due to such effect. In
our case, the SAED patterns of ferrihydrite deposits have not been
altered after several minutes of irradiation.
From previous works on the study of homologous tissues in rats
[18] and from available AC magnetic susceptibility data of ferritinFig. 7. Comparative plot of the χ"(T) proﬁles, scaled to their respective maxima, for the
magnetically characterised liver tissues.standards [16,18,38], the χq(T) maximum observed in these mice
tissues can be assigned to the presence of ferritin or, alternatively, to
the cores of partially degraded ferritinwhose crystalline structure and
size are still similar to those of ordinary ferritin. However, the χq(T)
maxima of the mice tissues are located at slightly lower temperatures
(7–9 K) than those previously observed for rat liver ferritin (8–12 K)
[18] measured in the same conditions; a phenomenon that may result
from small differences in the size of the iron-containing crystallites
inside the ferritin cages or from a qualitative different biomineralisa-
tion between the two animal genera.
With respect to the contribution of type 3 deposits to the total
magnetic susceptibility of the tissues, we expect it to be under the
detection limits of the magnetic characterisation. This assumption is
based (i) on the fact that these aggregates are quite sparse in the
volume in comparison with the ferritin cores and (ii) on the relatively
large size of these deposits that, given the antiferromagnetic character
of haematite and goethite, result in smaller magnetic moments per
iron ion.
When plotting the out-of-phase susceptibility per mass of sample,
the height of the χq(T) maximum (see data in Fig. 4 only for selected
samples and in Table 1 for all of them) informs about the amount of
iron in the form of ferritin cores. In Fig. 4, it can be observed that,
independently on whether the animals were perfused or not, the
χq(T) maxima for the KO mice are always higher than for their WT
counterparts. This result indicates that the genetically provoked iron
overload consists of, not only a greater amount of total iron, but a
greater amount of iron in the form of ferritin.
In order to study the differences in shape, width and location of the
χq(T) maxima it is usually adequate to scale the curves to their
maximum height. In Fig. 7 it can be observed that there is a rather
good coincidence of the χq(T) proﬁle for all the liver samples
(perfused and non-perfused, WT and KO) suggesting that in all
these cases a very similar biomineralisation, in terms of the formed
iron (oxyhydr)oxide, may exist. However, when looking in more
detail, it can be observed that, while the high temperature ﬂank of the
χq(T) proﬁle very well coincides in all the cases, likely due to the size
limitation of the ferritin cavity, there are signiﬁcant differences in the
low temperature ﬂank between perfused and non-perfused animals.
This result would indicate that, assuming a similar biomineralisation
in all the cases, the size distribution of the iron-containing crystallites
in the case of the non-perfused animals is more extended to small
sizes than in the case of the perfused ones.
Although, as mentioned, no big differences between the χq(T) data
for perfused and non-perfused animals, of the same genotype and
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low temperature tail observed in χ'(T) originates at paramagnetic
iron-containing species, that is, molecules or microscopical entities in
which the iron atoms may be either bounded to organic ligands (e.g.
deoxyhaemoglobin, transferrin) or not, but never in the form of iron
(oxyhydr)oxide nanoparticles. This paramagnetic contribution may
correspond either to intracellular iron-containing species or to other
substances remaining in the blood vessels. The observed χ'(T) data for
the non-perfused animals, independently of gender and genotype,
always present amuch greater paramagnetic contribution than for the
perfused ones. This result appears logical because in the perfusion
process the ﬁxative is introduced through the blood vessels – the iron-
containing species from the blood are substantially removed –
reducing their paramagnetic contribution.
Within a deeper analysis of the iron speciation in the liver tissues,
the χq(T) data, expressed per mass of iron, are shown in Fig. 8. In this
type of representation, if all of the iron atoms in a given tissue were
present in the form of a single iron-containing species (e.g. ferritin in
this case), the corresponding χq(T) data, per mass of iron, would
coincide with that of isolated ferritin. However, the variable presence
of other species not contributing to χq, like paramagnetic iron,
diamagnetic iron, or other weakly magnetic forms of iron as the
invoked haematite and/or goethite deposits, will result in that the
greater the ratio Feferritin/Fetotal, the higher the χq(T) ferritin proﬁle
when represented per mass of iron. In particular, in Fig. 8, the χq(T)
data points for perfused animals signiﬁcantly appear higher than for
the non-perfused ones, meaning that the ﬁrst ones contain a bigger
proportion of ferritin iron. The previously discussed observation of a
smaller paramagnetic component in perfused animal tissues (see Fig.
3) independently of their gender or genotype, as it clearly implies
removal of iron ions is also consistent with the same idea. It is also
worth noting that the height of the χq(T) maxima per mass of iron for
the perfused mice livers is very similar in all the cases. This
coincidence means that the Feferritin/Fetotal ratio is similar for all
those samples in spite of their different iron contents. Within the
group of the non-perfused liver tissues, it can be observed that the KO
females present a higher iron-speciﬁc out-of-phase susceptibility
maximum in comparison with their WT counterparts explained by a
higher Feferritin/Fetotal ratio, due to the iron loading. However, the
biological explanation of the fact that the iron-speciﬁc out-of-phase
susceptibility maximum of the KO non-perfused male has the same
height as its WT counterparts is not clear for us yet.
The χq maximum for spleen tissues (Fig. 6), although more noisy,
is located at similar temperatures as liver tissues, most likely
corresponding also to ferritin iron. For heart tissues, χq(T) is nearly
negligible in all the temperature range meaning that the detection of
ferritin iron in these samples is beyond the limits of the technique. For
both spleen and heart tissues, the susceptibility of the pool samples in
the case of KO animals does not differ signiﬁcantly from the WT ones
indicating that there is no particular iron accumulation in these
tissues, in agreement with the determined elemental iron contents
(Table 1).
The magnetic data in this mouse model of iron overload can be
compared with the rat model constructed by means of a single
injection of iron dextran [17–19]. In that model iron deposits were
observed in liver, spleen, muscle, heart and kidney tissues while in the
present case of DBA/2 Hfe KO mice iron overload it has only been
observed in the liver.
For all the studied tissues, in the high temperature range, χ'(T)
show Curie-type behaviour as it is typical for a paramagnet, a
superparamagnet, or a mixture of both. As it has been previously
explained [17], the high temperature paramagnetic and superpara-
magnetic contributions are mixed up on a single Curie-law suscept-
ibility whose information is condensed into the value of the effective
moment μeff per iron ion (for a deeper explanation of the calculation of
the μeff value of tissue samples see ref. [17]). As each iron-containingspecies usually has a characteristic effective moment per iron ion,
namely, 5.46 μB for deoxyhaemoglobin, 0 μB for oxyhaemoglobin and
3.4 μB for ferritin [39–41,18], the effective moment per iron ion
determined for thewhole tissue sample results from the average of the
μeff values, weighted with the relative abundances of each species.
The effective moments per iron ion of all the characterised samples
are shown inTable 1. It can be seen that μeff=2.93±0.36 (mean+s.d.)
in the case of non-perfused animals and 3.23±0.17 for the perfused
ones. This signiﬁcant result may indicate that the iron removed in the
perfusion process, although being in part of paramagnetic nature,
may include an important content of low magnetic moment iron,
which may be of diamagnetic and/or antiferromagnetic (large
particle size) nature.
5. Conclusions
In this work, for the ﬁrst time, AC magnetic susceptibility
measurements together with TEM analysis have been used to study
the iron deposits formed in the tissues of DBA/2 Hfe KO mice.
No differences between KO and WT mice have been observed in
the iron content of spleen and heart tissues. However, an increased
iron accumulation in liver tissues has been found for the KO mice.
The differences in shape and location of the χq(T) maxima,
corresponding to the ferritin cores contribution, observed between
different animal genera (data of these mice and previous data for rats
[18]) may indicate a slightly different qualitative biomineralisation or
different size distribution of the iron-containing crystallites.
The perfusion procedure has revealed that a considerable part of
the paramagnetic contribution observed in the non-perfused tissues
comes from iron-containing species in the remaining blood.
Iron deposits whose morphology, size and crystalline structure
(haematite and/or goethite) appear different from those of ferritin
and those of lysosomes–siderosomes containing ferritin-haemosi-
derin have been observed in the liver tissues by TEM and SAED
analysis. This ﬁnding deserves a more detailed study, as it may be
related to the apparently healthy aspect of the tissues, and opens the
way to future studies on biomineralisation processes in cases of iron
overload and related to potential treatments of the disease. The
formation of these iron-containing depositsmay be away to avoid free
iron and the oxidative stress related to it.
The combination of magnetic characterisation and TEM analysis
has been proven to be of great usefulness to study the nature and the
evolution of tissue iron deposits in conditions of iron overload.
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